Summary. The effects of hormones on the growth of fl cells, obtained from an X-ray induced transplantable rat islet cell tumour, were studied in tissue culture. Cells were cultured in Dulbecco's modified medium containing 1% bovine serum albumin, which did not permit fibroblast outgrowth. Among a variety of different hormones tested, the most potent growth promoters were found to be the corticosteroids whose potency was related to their glucocorticoid activity. After 5 weeks in culture with prednisolone (270 nmol/l), all cells stained immunohistochemically for insulin, although the insulin content was decreased to 10% that of fresh cells. Growth hormone (10 p~g/ml) stimulated DNA replication to a small extent in the presence or absence of glucocorticoids. Insulin secretion from freshly prepared tumour cells was not stimulated by glucose but was increased two-to threefold by leucine (20 retool/l) plus theophylline (5 mmol/1). This pattern of stimulation was observed still in cells cultured for 4 weeks in prednisolonesupplemented medium.
A permanent r-cell line would be useful for the study of insulin synthesis, storage and secretion. It would also provide an opportunity to study the effects of toxic factors which might be responsible for r-cell defects. The establishment of such a line would be aided by knowledge of the factors regulating the proliferation of fl cells in vivo and in vitro. Various agents have been reported to influence the replication of fl cells from fetal, neonatal and adult tissues during short-term culture [1] [2] [3] [4] [5] [6] , but none of these have resulted in a rapidly proliferating cell line. In this work we have studied the initial growth requirements of transformed fl cells obtained from a transplantable tumour with the aim that they may provide the basis for establishing such a cell line.
Materials and methods

Tissue culture method
Rat insulinomas (0.5-1 g) propagated as described previously [7, 8] were excised under sterile conditions, teased apart in 20 ml of medium (see below) and the cells recovered by centrifugation at 300 g. Cells were resuspended in isotonic ammonium chloride solution (20 ml) for 5 rain (to eliminate erythrocytes), washed twice and resuspended in 20 ml of medium, layered over 20 ml of a 10% bovine serum albumin solution in medium and allowed to settle for 1 h. Sedimented cells were washed and resuspended in 30 ml of medium and cultured overnight at 37~ under 5% CO2 in air.
The incubated cells were washed and resuspended in fresh tissue culture medium, adjusted to 1-2 • 107 cells/ml and 20 txl of this suspension was added to 200 ~1 of tissue culture medium with or without additives in microtitre plates (Gibco Europe, Uxbridge, UK). Alternatively, 1-2 ml of the cell suspension was placed in tissue culture bottles containing 10 ml tissue culture medium. At the times indicated aliquots (200 gl) were plated out into microtitre plates for analysis. In all cases, the medium was changed every second day by replacing the supernatant with fresh medium.
The tissue culture medium (Dulbecco's modified medium) was prepared from dried powder (Gibco) and supplemented with NaHCO3 (15 mmol/l), Hepes/NaOH (15 mmol/1), pH 7.4 (CP Laboratories, Bishop Stortford, Herts, UK), Penicillin-streptomycin (200 mg/l) (Glaxo, Evans Medical, Greenford, Middlesex, UK) and either 1% bovine serum albumin (BSA), fraction V (Sigma, Poole, UK) or 5-20% fetal calf serum (Gibco) and sterilized by filtration (Millipore, Harrow, UK). Dexamethasone, prednisolone, hydrocortisone (Merck, Sharp & Dohme, Hoddesdon, Herts, UK), and aldosterone (Sigma) were diluted in medium. Water-insoluble hormones were dissolved in ethanol and diluted with medium so that the higher control concentration used contained <1% ethanol. Bovine growth hormone was a gift from Dr. M. Wallis, School of Biological Sciences, University of Sussex, Falmer, Brighton, Sussex, UK, and was dissolved in 0.15 rnol/l NaHCO3 and diluted with medium.
Analytical methods
For incorporation of 3H-thymidine into DNA, cells in microtitre plates were exposed for 18h to 3H-thymidine (l~tCi, spec. act. 20-30 Ci/mmol, Amersham International, Bucks, UK) per microtitre well and then harvested onto glass fibre discs (Whatman Uniscience, Cambridge, UK) with a Titertek cell harvester (Flow Laboratories, Irvine, Scotland) allowing thorough washing with distilled water. After drying, the discs were immersed in scintillation fluid and the radioactivity was determined with a liquid scintillation spectrometer (Tri-carb, Packard Instruments, Downers Grove, Illinois, USA).
For measurement of DNA content, cell suspension (200 p.l) was frozen (-20 ~ thawed three times and analysed by the method of Kissane and Robins [9] using calf thymus DNA (Sigma) as standard.
For measurement of insulin content, cells from 200 pJ of suspension were washed twice in medium and resuspended in medium (200 lxl) containing 0A% Triton X-100 (Sigma) and frozen (-20~ and thawed three times. The supernatant was assayed by the method of Hales and Randle [10] with rat insulin (Novo, Basingstoke, UK) as standard.
The secretory response of the incubated cells was determined by the static method of Sopwith et al. [8] . Two consecutive 60-min incubations were performed to establish the basal secretory rate, the cells being separated from the media each time by centrifugation. Medium containing 1% BSA and either glucose (5.5 mmol/1, basal), glucose (20 retool/l) or leucine (20 mmol/l) plus theophylline (5 mmol/l) as secretagogues was then introduced for 60 min and subsequently a further 60 min incubation in basal medium was carried out. The insulin content in the supernatants and final cell pellet was determined as above.
For immunohistochemical staining for insulin, tumour pieces (0.5 x 0.5 cm 3) were fixed in Bouin's solution (Raymond Lamb, London, UK) for 24 h, washed in 70% ethanol and embedded in paraffin. Cells were air dried on glass slides pre-treated with 0.1% glycerol in 0.9% NaC1, fixed with Bouin's solution for 2 h and washed with 70% ethanol. Thin paraffin sections or the cell slides were stained for insulin by the immunohistochemical staining procedure of Heyderman [1 I1, using antibody to bovine insulin raised in guinea pigs and peroxidase labelled rabbit anti-guinea pig IgG (Miles Laboratories, Slough, Bucks, UK). Both antibodies were used at a 1 : 100 dilution.
541
Statistical analysis
Results are expressed as mean + SEM throughout, except for Figure 1 where the results are expressed as mean + SD. Paired data were evaluated for statistical significance by the Wilcoxon signed rank test. Student's t-test was used to compare unpaired data. p<0.05 was considered significant.
Results
Immunohistochemical staining for insulin
Immunohistochemical staining of paraffin sections of the tumour revealed that approximately 70% of the total cell mass consisted of cells containing insulin. These cells were enmeshed in a dense fibrous collagenous matrix containing numerous small blood vessels, blood cells, mononuclear cells and adipose tissue. The appearance of the tumour cells was oval and columnar in shape and organised in cords and clusters in close proximity to small blood vessels. Insulin was shown to be concentrated at the vascular pole of the cells. The tumour line was repeatedly screened for other hormones, but proved to be negative by immunohistochemical staining for glucagon, somatostatin, gastrin, pancreatic polypeptide, neurotensin, vasoactive intestinal polypeptide, and B-lipotropin (personal communications: T. E. Adrian, S.R. Bloom, I. Doniach, L.H. Rees). Less Results are expressed as the ratio of 3H-thymidine incorporated relative to that of the control in the same experiment. For reference purposes the 3H-thymidine incorporation of all the controls was 12809 + 1585 cpm/well Values are expressed as ratios of 3H-thymidine incorporation into cultures with added hormones to that without additions; the number of observations is shown in parentheses. ap<0.00l; bp<0.02; Cp<0.01 relate to the significant effect of growth hormone addition in each case. The 3H-thymidine incorporation into control cultures was: a 11909 --+ 476 cpm/well; b 42616 + 2252 cpm/well and c 22470 + 395 cprn/well Contaminating fibroblast-like cells proliferated rapidly in fetal calf serum medium but not in BSA medium. Tumour cells in fetal calf serum medium attached to the fibroblast monolayers but were quickly outnumbered and overgrown. Tumour cells cultured in medium containing BSA gradually formed free floating cords and clusters, which made visual counting of cell numbers impossible unless there was prior trypsinisation. Measurements of cell number were more conveniently determined by estimation of DNA content. The initial purified cell suspension prepared for tissue culture contained >95% insulin-positive cells by immunohistochemical staining. After 24 h of culture in BSA medium, >98% were positive for insulin and after 4weeks in BSA-containing medium all cells were positive.
Effect of different media
Effect of hormones
The effects of a wide variety of hormones on tumour cell replication were screened by determining the incorporation of 3H-thymidine into cellular DNA (Table 1) . Triiodothyronine (T3), L-thyroxine (T4), oestrogens, androgens and glucagon (1 pg -100 ~tg/ml) did not markedly affect this parameter. Several glucocorticoids and aldosterone, on the other hand, increased incorporation two-to 12-fold and were therefore selected for further study. Dose-response experiments with dexamethasone, prednisolone, hydrocortisone and aldosterone produced a stimulatory response related to their potency as glucocorticoids (Fig. 1) . The order of potency was dexamethasone > prednisolone > hydrocortisone >> aldosterone. Bovine growth hormone was tested over a range of 1 pg/ml -10 ~tg/ml, but only the highest concentration tested gave a significant increase of radioactive incorporation (1.44___ 0.07 times the control value; n =6, p<0.001). This effect continued to be observed when low concentrations of prednisolone (13.5 nmol/1) or dexamethasone (1.2nmol/1) were also added (Table 2) . Glucocorticoid-supplemented medium supported the division rate of the tumour cells over a prolonged culture period. Cells grown with 0.025 nmol/1 dexamethasone for 12 days and with 27000 nmol/1 prednisolone for 21 days showed an increased DNA content and 3H-thymidine incorporation relative to control incubations (Table 3) . Responses of a similar magnitude were observed to dexamethasone (0.025 nmol/1) after 16 days and to a lower concentration of prednisolone (270 nmol/1) at 31 days (results not shown).
Effects of tissue culture on insulin content and the insulinotropic response
The insulin content of cells derived from the fresh tumour was 16 mU/p~g DNA. The insulin content of cells cultured with prednisolone for 21 days was 1.12 mU/~tg DNA. This value was approximately 60% that of cells after 21 days of culture in medium containing BSA alone (Table 3) . Immunohistochemical staining of such cultures revealed that all cells were positive for insulin.
Fresh tumour cells or tumour cells cultured for 4weeks with and without addition of prednisolone (270 retool/l) did not release insulin in response to glucose (20 nmol/1). A two-to threefold increase in response to leucine (20retool/I) plus theophylline (5 mmol/1) however was observed (Table 4 ). There was no difference between response of cells cultured for 2 days with and without hormone addition. The same stimulus produced a greater relative stimulation of insulin release with cells cultured for 15 or 28 days in medium containing prednisolone (270nmol/1) compared with cells cultured for the same period in BSA medium alone.
come by replacing fetal calf serum with 1% BSA in the supplemented culture medium. On the basis of 3H-thymidine uptake and immunohistochemical analysis, the medium containing BSA permitted proliferation of the ]?-cells even better than fetal calf serum-containing medium during the first few days. Subsequent introduction of fetal calf serum did not enhance growth (data not shown). Glucocorticoid addition resulted in stimulated 3H-thymidine incorporation and increased DNA content relative to cultures in BSA medium alone, but did not alter the cellular composition (98% ]? cells). It was therefore concluded that the increased division of]? cells was promoted by these hormones. We are currently investigating whether these effects persist in cultures over periods greater than 31 days.
This phenomenon may be a mirror of the hyperplastic changes in normal islets which have been observed in animals treated with glucocorticoids or growth hormone [12] [13] [14] . However, it is not known whether the effects observed in vivo are direct or whether they may be modulated through the resulting hyperglycaemia [1, [4] [5] [6] . The literature concerning the effects of glucocorticoids on/3 cells in culture is conflicting, possibly due to the different experimental conditions used and the different stages of tissue development at which studies have been carried out [15] [16] [17] [18] [19] [20] .
long et al., using a cloned cell line derived from the tumour used in the present studies [21] , found no increase in cell numbers when hydro cortisone (10-7 mol/1) was added [22] . These authors, however, did observe a growth-promoting effect of insulin at a concentration greater than 30 ng/ml, consistent with data from other cell types [23, 24] . In our experiments, endogenous insulin contributed more than 50 ng/ml to the medium in all cases. There would appear to be a difference between the mitogenic response of primary cell cultures studied here and that of permanent cell lines derived by extensive selection. Since the insulin content in the parent tumour is more than 100-fold that of the derived cell lines, differences in the degree of differentiation or gene expression could account also for differences in hormone responsiveness.
The primary cell culture described here released insulin in response to the same stimuli as the parent tumour and moreover remained tumorigenic when injected back into host animals (results not shown). These findings indicate the differentiated character of the cells. It is hoped that these studies will contribute to understanding the factors necessary to establish long-term cultures of islet-derived tissues and may suggest variables which can be examined in non-transformed islets.
Discussion
The establishment of primary cell cultures is often impeded by the outgrowth of fibroblastic cells. Using cells obtained from the fl-cell tumour this problem was over-
